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EXECUTIVE  SUMMARY 

*  Total  automation  of  high«pressure  LEG  GaAs  crystal  growth  is  reported. 

*  Supervision  time,  of  a  A  kilo  GaAs  crystal  growth  run,  is  reduced  from  20 
hour?  to  10  minutes. 

*  Large  yield  improvements  in  growing  single  GaAs  crystals  are  obtained. 

*  Precision  diameter  control  during  crystal  growth  is  reported  which 
results  in  higher  wafer  yield  after  ingot  grinding  and  slicing. 

*  A  new  control  system  utilizing  heuristic  control  features  is  described. 
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1.  Introduction 


The  first  attempts  towards  automating  the  Czochralski  crystal 
growth  process,  and,  particularly,  the  growth  of  Ill-v  com¬ 
pound  crystals,  date  back  to  the  early  1970s  [  1  ]  ,  [  2§§  [  3  j  .  All 
these  early  techniques,  up  to  more  recent  ones  [41,  [5],  have 
in  common  an  essentially  deterministic  approach,  i.e.,  a  more 
or  less  rigidly  pre-defined  profile  of  process  parameters 
which  the  system  tries  to  maintain  as  a  function  of  time  or 
crystal  length. 

However,  the  Czochralski  technique  involves  extremely  complex 
thermodynamic  processes:  The  flow  patterns  of  the  semiconduc¬ 
tor  melt  in  the  crucible  may  change  spontaneously  and  unnre- 
dictably  [6];  even  the  most  elaborate  computer  simulations  can 
only  indicate  the  possibility  of  such  changes  but  can  hardly 
be  used  to  predict  the  time  of  their  actual  occurrence.  (Com¬ 
puter  simulations  do  contribute  to  a  better  understanding  of 
the  growth  process,  though,  and  they  can  aid  the  design  of  ad¬ 
vanced  process  controllers  [7].)  Since  even  minor  variations 
of  the  convective  flow  in  the  semiconductor  melt  are  liable  to 
influence  the  temperature  distribution  at  the  solidification 
interface,  and  hence  the  amount  of  material  solidified,  they 
result  in  fluctuations  of  the  diameter  of  the  crystal  grown 
which  have  to  be  compensated  for  by  the  process  controller. 
This  can  be  accomplished  by  a  conventional  system  which  ap¬ 
plies  more  or  less  linear  closed-loop  control  of  the  crystal 
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'diameter,  for  example,  by  means  of  a  PID  (Proportional-Inte¬ 
gral-Derivative)  controller  approach.  However,  the  gain  of 
such  a  controller  has  to  be  chosen  relatively  high  in  order  to 
enable  it  to  cope  with  the  spontaneous  process  disturbances, 
which  entails  that  smaller  fluctuations,  e.g. ,  due  to  random 
noise  imposed  on  the  measured  diameter,  have  an  undesirable 
influence  on  the  process,  introducing  a  continuous  variation 
of  the  process  parameters  and  according  fluctuations  of  the 
crystal  properties.  The  resulting  tendency  of  a  conventional 
controller  to  either  overreact  to  artifacts,  or  to  underact  to 
genuine  process  deviations,  has  to  be  compensated  for  by  an 
additional  intelligent  control  loop.  In  all  "automated"  crys¬ 
tal  growth  controllers  designed  in  the  past,  this  loop  had  to 
be  closed  externally,  over  a  human  crystal  growth  operator. 

Although  the  features  of  commercial  "automated"  crystal  growth 
controllers  certainly  constitute  a  significant  help  for  the 
operator,  it  is  nevertheless  still  the  operator  whose  skill 
and  experience  determine  the  quality  of  the  crystals  grown. 
This  human  interaction  leads  inevitably  to  a  deterioration  of 
the  reproducibility  of  the  process,  and  it  constitutes  a 
serious  obstacle  to  the  large-scale  growth  of  high  quality 
crystals . 

The  system  developed  at  Arizona  State  University  (ASU)  fea¬ 
tures,  in  contrast,  novel  heuristic  control  approaches  which 


enable  it  to  execute  operations  automatically  which  had  to  be 
initiated  or  entirely  carried  out  by  the  operator  on  the 
earlier  '’automated1’  Czochralski  pullers.  Heuristic  control  is 
accomplished  basically  by  emulating  the  decisions  within  the 
digital  controller  which  were  otherwise  made  by  a  human  opera¬ 
tor,  which  entails  facilities  akin  to  artificial  intelligence. 
Since  a  computer-based  system  can  be  designed  to  react  faster 
and  much  more  reproducibly  than  a  human  being,  especially  if 
its  knowledge  base  is  not  changed  significantly,  the  reproduc- 
ibij ity  of  the  process  controlled  by  it  is  intrinsically  supe¬ 
rior  to  conventional  approaches. 

The  Control  Of  The  LEG  Process 

The  system  presented  here  was  implemented  on  an  adapted  Cam¬ 
bridge  Instruments  CI-35S  high-pressure  puller  whose  essential 
components  (barring  the  high-pressure  vessel)  are  shown  in 
Fig.  1. 

/ 

The  operation  of  a  Czochralski  puller  requires  the  following 
parameters  to  be  controlled  during  the  synthesis  and  growth 
process : 

*  Heater  temperature.  (Some  advanced  approaches  use  multi¬ 
zone  heaters  in  order  to  tailor  the  heat  distribution 


4 


within  the  hot  zone,  which  entails  that  three  or  more 
heaters  have  to  be  controlled  independently.) 

*  The  speeds  of  the  four  motors  for  seed  and  crucible  lift 
and  rotation. 

*  The  chamber  pressure. 

*  Auxiliary  functions  like  cooling  water  supply,  gas  exhaust 
system,  and  so  on. 

For  reasons  of  simplicity,  the  system  developed  at  ASU  was  re¬ 
stricted  to  the  control  of  the  four  motors,  and  of  up  to  three 
heater  zones.  Including  gas  pressure  control  and  auxiliary 
functions  would  not  have  imposed  a  problem  for  the  design  of 
the  digital  controller,  but  it  was  not  considered  necessary 
for  a  prototype  whose  essential  purpose  was  to  demonstrate  the 
feasibility  of  autonomous  LEC  growth. 

Controlling  a  crystal  growth  process  is  not  an  entirely  unam¬ 
biguous  task:  Many  parameters,  some  of  them  even  conflicting, 
determine  the  quality  of  a  gallium  arsenide  crystal: 

*  Electrical  properties  like  conductivity  type,  and  free 
carrier  density,  mobility,  and  lifetime. 
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*  Crystallographic  properties  like  orientation,  dislocation 


density,  and  local  dislocation  distribution. 

*  Processing  requirements  like  yield  and  crystal  diameter 
control . 

In  fact,  the  only  parameter  which  can  be  controlled  directly 
(and  on  which  all  crystal  growth  process  control  schemes  con¬ 
centrate)  is  the  diameter  of  the  crystal.  For  compound  semi¬ 
conductors,  the  diameter  of  the  growing  crystal  is  usually 
determined  from  the  increase  of  the  crystal's  weight  with  time 
[3], [91;  even  the  latest  commercially  applied  diameter  control 
approaches  (including  ASU's)  are  based  on  the  weighing  method, 
although  efforts  are  being  made  to  use  advanced  optical  or  X- 
ray  techniques  for  in  situ  crystal  diameter  measurements  [10], 
The  currently  grown  diameter  of  the  crystal  can  be  ontrolled 
by  a  variation  of  the  heater  temperature;  a  temperature  in¬ 
crease  reduces  the  diameter,  and  vice  versa.  Similarly,  diam¬ 
eter  control  could  also  be  effected  by  a  modulation  of  the 
pull  rate.  This  approach  is  widely  used  in  silicon  Czochral- 
ski  growth;  it  is  not  feasible  for  the  growth  of  gallium 
arsenide  because  the  concentration  of  impurity  levels  and 
therefore  the  crystal's  electrical  properties  depend  crucially 


on  the  growth  rate  [11]. 
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While  it  is  possible,  at  least  within  certain  Units,  to 
measure  and  control  in  a  closed-loop  mode  the  diameter  of  the 
crystal  grown,  no  closed-loop  control  is  possible  for  all  the 
other  parameters  listed  above.  Crystals  with  the  desired 
electrical  and  crystallographic  qualities  can  only  be  obtained 
from  a  careful  analysis  of  crystals  grown  under  conditions 
monitored  as  closely  as  possible,  and  by  accurate  reproduction 
of  growth  conditions  yielding  crystals  with  the  intended  prop¬ 
erties.  This  requires  not  only  a  very  intimate  knowledge  of 
the  events  during  a  growth  run  and  of  the  resulting  crystal 
quality,  but  also,  in  addition,  a  very  precise  reproduction  of 
crucial  process  sequences.  Both  demands,  high-volume  data 
recording  and  exact  process  control,  can  only  be  met  by  a 
highly  automated,  operator-independent  growth  technique. 

A  comprehensive  analysis  of  the  growth  process  involves  mea¬ 
suring  and  recording  as  many  growth  related  parameters  as 
possible  through  an  entire  grov/th  run.  Hence,  the  following 
data  are  measured  or  calculated,  displayed  on  the  console 
terminal  (Fig.  2),  and  optionally  recorded  on  disk  by  the 
digital  controller  presented  here: 
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*  The  setpoints  for  the  speeds  of  the  four  motors,  and  for 
the  temperatures  of  up  to  three  heater  zones. 


*  The  calculated  crystal  diameter. 
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three  heater  zones,  and  the 


*  The  temperatures  of  up  to 

"base"  temperature  at  the  bottom  of  the  crucible. 


*  The  electric  power  supplied  for  up  to  three  heaters,  and 
the  corresponding  setpoints  generated  by  the  controller. 


*  The  speeds  of  the  four  motors  for  seed  and  crucible  lift 
and  rotation. 


*  The  current  positions  of  the  seed  and  the  crucible. 


*  The  weight  of  the  crystal,  and  its  first  derivative  with 
respect  to  time. 


*  The  gas  pressure  inside  the  growth  chamber. 


*  The  output  of  a  "contact  device"  which  gives  a  value  re¬ 
lated  to  the  electrical  conductance  between  the  seed  and 
the  semiconductor  melt.  This  parameter  is  used  in  the 
initial  stages  of  crystal  growth,  particularly  during 
seeding,  to  determine  whether  a  positive  contact  was  es¬ 
tablished  between  the  seed  and  the  melt  and  crystal  growth 
has  started  or  failed. 
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Furthermore,  the  ASU  system  has  provisions  to  record  eight 
additional  analog  input  signals  for  special  growth  experi¬ 
ments  . 


3  .  The  Design  Of  The  Czochralski  Growth  Control  System- 
Hardware 

ASU’s  Czochralski  Growth  Control  System  (CGCS)  is  based  on  an 
eight-bit  microcomputer  consisting  of  standard  OEM  (Original 
Equipment  Manufacturer)  boards.  The  performance  of  its  Intel 
8085-2  CPU  is  enhanced  by  the  addition  of  a  numeric  processor 
(Intel  3231)  which  improves  the  throughput  for  floating-point 
calculations.  The  system  utilizes  the  full  64  KBytes  addres¬ 
sable  memory  space  of  the  3035  with  56  KBytes  of  RAM  and  two 
switchable  8  KBytes  banks  of  ROM.  Two  industrial  standard, 
single-side,  single-density  3"  floppy  disk  drives  serve  as  a 
mass  storage  for  programs,  program  overlays,  and  data.  The 
interface  to  the  puller  consists  of  a  32  channel  A/D  converter 
with  16  bits  resolution  for  the  input  signals,  and  of  a  16 
channel  D/A  converter  with  a  resolution  of  12  bits  for  the 
analog  output  of  the  CGCS.  A  number  of  digital  input  and 
output  lines  read  switches  and  set  relays,  e.g.,  for  the  con¬ 
trol  of  the  rotation  directions  of  the  four  motors.  A  CRT 
terminal,  a  matrix  printer,  and  a  multi-channel  chart  recorder 
serve  as  an  interface  to  the  operator  (Fig.  3) . 
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The  digital  controller  is  designed  to  have  its  inputs  con¬ 
nected  in  parallel  to  the  inputs  of  the  existing  conventional 
analog  controller.  Both  systems  can  therefore  monitor  the 
process  simultaneously.  A  digital  output  signal  supplied  by 
the  CGCS  allows  to  replace  the  analog  controller 1  s  outputs 
with  the  outputs  of  the  CGCS  (Fig.  4) .  This  approach  permits 
to  monitor  runs  with  the  digital  system  which  are  controlled 
by  the  analog  controller,  and  it  allows  to  fall  back  to  the 
analog  controller  if  necessary.  (Although  there  is  no  need  to 
run  the  puller  with  the  analog  system  once  the  digital  con¬ 
troller  has  been  tuned,  this  approach  proved  to  be  very  help¬ 
ful  during  the  early  stages  of  the  implementation  of  the 
digital  controller.) 

The  digital  controller  interfaces  to  the  puller  via  analog 
signals  which  serve  as  motor  speed  and  heater  power  setpoints. 
The  final  control  of  the  actual  motor  speeds  and  of  the  heater 
SCR(s)  is  done  by  the  pertinent  hardware  of  the  analog  system. 


4.  The  Design  Of  The  Czochralski  Growth  Control  System- 
Software 

4.1  The  Operating  System  Environment 

Real-time  process  control  as  done  with  the  CGCS  requires,  in 
general,  the  ability  to  execute  control  tasks  asynchronously 
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whenever  they  are  required.  Consequently,  a  real-time  operat¬ 
ing  system  (Intel's  iRMX-30)  wa*-  chosen  for  the  CGCS  computer. 
Based  upon  the  experiences  made  with  an  earlier  similar  system 
[12], [13],  great  pain  was  taken  to  design  the  growth  control 
computer  as  a  stand-alone  unit.  The  ability  to  run  a  digital 
controller  in  a  stand-alone  mode  entails  the  availability  of 
certain  utility  functions  (e.g.,  disk  formatting  and  file 
maintenance) ,  and,  if  possible,  the  ability  to  execute  auxili¬ 
ary  programs.  Since  these  functions  were  not  straightforward¬ 
ly  obtainable  from  iRMX-30,  an  operating  system  emulator  was 
designed  which  permits  to  run  commercially  available  or  al¬ 
ready  existing  software  for  Intel's  development  system  en¬ 
vironment  ISIS-II .  The  software  thus  implemented  on  the  CGCS 
computer  comprises,  in  addition  to  the  mentioned  utilities,  a 
BASIC  interpreter,  and  a  full-screen  text  editor.  Further¬ 
more,  several  auxiliary  programs  were  designed  for  displaying 
and  editing  the  disk  files  created  or  needed  by  the  CGCS;  they 
are  based  on  this  emulated  operating  system  environment  as 
well.  The  control  computer  comes  up  under  the  operating 
system  emulator;  the  actual  Czochralski  Growth  Control  soft¬ 
ware  is  invoked  and  executed  as  one  of  many  available  pro¬ 
grams.  Since  the  total  size  of  the  actual  growth  control 
program  exceeds  by  far  the  computer's  memory  space,  an  elab¬ 
orate  overlay  approach  had  to  be  designed  which  loads  program 
modules  from  disk  into  memory  only  when  and  while  they  are 
being  used. 
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Basic  Ooeration  Of  The  Czochralski  Growth  Control  Svstem 


Since  the  implementation  of  the  CGCS  was  planned  as  a  gradual 
replacement  of  the  standard  analog  controller  of  the  puller, 
the  primary  target  was  to  emulate  the  basic  operation  of  the 
analog  controller  with  the  digital  system.  Therefore,  conven¬ 
tional  closed-loop  control  methods  were  applied  for  the  fun¬ 
damental  operations,  namely,  for  the  control  of  the  speeds  of 
the  four  motors  for  seed  and  crucible  lift  and  rotation,  and 
of  the  power  supplied  to  the  heater  or  heaters. 


Closed-loop  control  in  the  CGCS  is  generally  based  on  PID  con¬ 
trollers  which  are  realized  with  a  generic  PID  routine.  This 
routine  is  invoked  with  dedicated  parameters  for  each  control 
loop.  In  addition  to  standard  proportional,  integral,  and 
derivative  control,  the  generic  PID  controller  features  sever¬ 
al  modes  of  output  limiting  and  "windup"  protection  (which 
enhances  its  dynamic  response  if  the  controller  incurs  a  limit 
condition)  ;  the  possibility  to  add  a  bias  value  to  the  output 
of  the  PID  controller  allows  for  feed-forward  operations,  and 
for  small  corrections  of  setpoints  which  are  basically  deter¬ 
mined  by  other  sources. 


The  standard  control  loop  for  each  of  the  four  motors  is  shown 
in  Fig.  5:  The  primary  control  of  the  motors  is  done  by  the 
analog  circuitry  which  came  with  the  Cambridge  Instruments 
controller.  Under  digital  control,  the  setpoint  for  these 


analog  motor  controllers  is  supplied  by  the  D/A  converter 
outputs  of  the  CGCS ,  rather  than  from  a  potentiometer  on  the 
analog  console.  Basically  for  the  compensation  of  nonline¬ 
arities  and  offset  errors  of  the  analog  motor  controllers, 
digital  PID  loops  are  used  to  pre-process  the  signals  finally 
submitted  to  the  analog  system  in  order  to  make  the  actual 
speeds  exactly  match  their  corresponding  setpoints.  A  com¬ 
bined  feed-forward  and  PI  control  approach  can  be  used  to 
optimize  the  performance  of  the  entire  control  loop.  (Using 
an  analog  hardware-based  rather  than  a  digital  software-based 
technique  for  the  primary  motor  control  guarantees  a  suffi¬ 
ciently  smooth  and  fast  operation  without  overburdening  the 
digital  system.) 

With  regard  to  the  diameter  control  technique  generally  ap¬ 
plied  to  the  growth  of  compound  semiconductors,  temperature 
and  diameter  control  are  closely  related  to  one  another  (Fig. 
6)  :  In  "manual"  mode,  i.e. ,  without  closed-loop  diameter 
control,  a  temperature  setpoint  vaiue  is  compared  to  the 
digitized  output  of  the  thermocouple  which  monitors  the  tempe¬ 
rature  of  the  heater;  the  resulting  difference  is  submitted  to 
a  PID  controller  whose  output  controls  the  power  setpoint  of 
the  analog  heater  SCR  controller.  In  "automatic"  closed-loop 
diameter  controlled  mode,  the  heater  temperature  setpoint  is 
modified  by  the  output  of  a  superimposed  diameter  control 
loop.  In  contrast  to  the  standard  Cambridge  Instruments 
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diameter  controller  which  controls  the  heater  temperature 
according  to  the  deviation  of  the  first  derivative  of  the 
crystal  weight  ("differential  weight")  from  a  given  setpoint, 
the  CGCS  first  calculates  the  actual  crystal  diameter,  and 
uses  it  as  an  input  to  the  diameter  controller.  This  permits 
a  more  straightforward  and  understandable  operation  of  the 
controller.  Since  the  CGCS  was  designed  for  up  to  three 
heater  zones,  three  independent  temperature  and  diameter  con¬ 
trollers  according  to  Fig.  6  have  been  provided  in  the  pro¬ 
gram. 

An  auxiliary  control  loop  can  optionally  be  applied  to  the 
vertical  speed  of  the  crucible:  Since  the  level  of  the  semi¬ 
conductor  melt  in  the  crucible  drops  during  a  growth  run 
according  to  the  amount  of  material  solidified,  the  interface 
between  the  solid  crystal  and  the  melt  would  change  its  posi¬ 
tion  within  the  heater,  which  is  liable  to  cause  growth  in¬ 
stabilities,  unless  the  crucible  is  lifted  exactly  by  the 
amount  of  the  melt  drop.  On  conventional  pullers,  the  cruc¬ 
ible  lift  speed  is  set  to  a  fixed  value  which  is  calculated 
under  the  assumption  of  an  ideally  cylindrical  crystal  with 
constant  diameter.  The  CGCS,  in  contrast,  computes  a  setpoint 
value  for  the  crucible  position  as  a  by-product  of  the  diame¬ 
ter  evaluation  routines,  essentially  by  determining  the  amount 
of  melt  already  used  up  by  the  crystal;  this  setpoint  is 
compared  to  the  actual  crucible  position,  and  the  resulting 


error  signal  is  used  as  an  input  for  a  PID  controller  whose 
output  is  superimposed  on  the  crucible  speed  setpoint  (Fig. 
7)  . 

The  actual  diameter  of  the  crystal,  and  a  number  of  auxiliary 
parameters  like  the  crucible  position  setpoint,  the  growth 
rate,  and  the  crystal  length  grown,  are  calculated  by  the  CGCS 
once  every  ten  seconds.  In  addition  to  the  differential 
weight,  several  other  measured  parameters  are  used  as  inputs 
for  these  computations,  as  shown  schematically  in  Fig.  3.  The 
diameter  evaluation  takes  into  account  the  buoyancy  of  the 
part  of  the  crystal  immersed  in  the  boric  oxide  encapsulant; 
for  the  diameter  controller  parameters  used  in  our  implementa¬ 
tion,  meniscus  and  anomaly  effects  turned  out  to  be  of  minor 
importance.  Facilities  for  a  correction  of  the  measured  dif¬ 
ferential  weight  analogous  to  the  approach  used  by  the  analog 
Cambridge  controller  have  been  provided,  though. 

Buoyancy  compensation  requires  that  an  M image”  of  the  crystal 
be  kept  within  the  CGCS,  and  updated  periodically.  The  volume 
of  the  crystal  immersed  in  the  encapsulant,  and/or  its  diame¬ 
ter  at  the  surface  of  the  boric  oxide  melt,  affect  the  calcu¬ 
lated  diameter  of  the  currently  grown  portion,  the  crucible 
position  setpoint,  and  the  computed  length  of  the  grown  crys¬ 
tal.  The  actual  growth  rate  is  determined  by  the  seed  lift 
speed  and  any  uncompensated  drop  of  the  semiconductor  melt. 
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Special  provisions  were  made  for  the  final  stages  of  the 
growth  run  where  the  semiconductor  melt  tends  to  recede  from 
the  walls  of  the  crucible  due  to  surface  tension.  In  this 
regime,  the  level  of  the  melt  inside  the  crucible  remains 
almost  constant  but  the  diameter  of  the  disk  formed  by  the 
melt  shrinks  while  more  material  is  being  solidified.  Since 
the  gap  opening  between  the  semiconductor  melt  and  the  cruc¬ 
ible  wall  is  filled  up  with  the  boric  oxide  encapsulant,  the 
amount  of  the  crystal  immersed  in  boric  oxide,  and  hence  the 
buoyancy  force,  decreases;  simultaneously,  the  growth  rate  is 
reduced  due  to  an  overcompensation  of  the  melt  drop  by  the 
crucible  lift.  The  standard  diameter  evaluation  algorithms 
are  therefore  no  longer  valid  in  the  melt  recession  regime; 
hence,  the  CGCS  was  designed  to  allow  a  smooth  transition 
between  the  standard  and  the  melt  recession  diameter  calcula¬ 
tion  modes.  (This  diameter  control  technique,  in  conjunction 
with  the  advanced  heuristic  approaches  discussed  below,  per¬ 
mitted  for  the  first  time  to  grow  crystals  without  the  flash- 
out  next  to  the  tail  which  can  hardly  be  avoided  on  a  puller 
controlled  by  the  conventional  analog  system;  compare  Fig.  9.) 


4.3  Operation  Modes  Of  The  CGCS  Software 

The  CGCS  software  comprises  four  levels  of  control  each  of 
which  is  an  inclusive  set  of  the  preceding  ones: 
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(1)  Monitoring:  All  measured  signals  are  continuously  dis¬ 
played  on  a  fixed  console  screen  (compare  Fig.  2) ,  next  to 
their  respective  setpoints  if  applicable.  The  currently 
grown  diameter  of  the  crystal  is  calculated  with  the 
algorithms  described  above.  All  data  on  display  can 
optionally  be  recorded  on  disk;  the  interval  between  two 
data  records  can  be  chosen  to  lie  between  one  and  255 
seconds.  Mo  actual  growth  control  is  performed  by  the 
digital  system  in  this  mode. 

(2)  Emulation  of  the  analog  controller's  functions:  While  the 
puller  was  run  by  the  analog  controller  in  the  Monitoring 
mode,  the  digital  CGCS  is  in  charge  at  this  and  at  all 
higher  levels.  Depending  on  the  sub-mode  chosen,  various 
degrees  of  closed-loop  control  are  possible.  In  the  most 
elementary  "manual"  mode,  each  parameter  can  be  controlled 
independently.  Other  modes  permit  closed-loop  diameter 
control  with  or  without  anomaly  compensation,  and,  in 
addition,  closed-loop  control,of  the  crucible  lift  speed. 

Setpoints  may  be  changed  instantaneously  or  "ramped"  grad¬ 
ually  between  their  current  and  their  intended  final  val¬ 
ues;  the  duration  of  the  ramp  is  virtually  unlimited.  Ac¬ 
cordingly,  a  "current"  and  a  "final"  setpoint  ^alue  are 
displayed  on  the  console  for  each  of  the  "primary"  parame- 


ters,  namely,  crystal  diameter,  heater  temperatures,  motor 
speeds,  and  power  limit. 

In  addition  to  these  primary  parameters,  an  arbitrary 
number  of  internal  parameters  ("variables")  may  be  iden¬ 
tified  with  symbolic  names,  and  displayed  and  modified 
under  operator  control.  The  "ramping"  feature  is  avail¬ 
able  for  these  data  as  well;  up  to  2  0  primary  parameters 
and  variables  may  be  "ramped"  simultaneously  in  the  cur¬ 
rent  CGCS  version.  Since  the  table  of  the  symbolic  vari¬ 
able  names  is  kept  outside  the  program  proper  in  a  disk 
file,  there  is  no  limit  to  their  number  other  than  the 
capacity  of  the  disk,  and  the  time  needed  for  reading  the 
file.  Parameters  which  control  the  operation  of  the 
system  (like  PID  controller  parameters)  can  be  easily  ac¬ 
cessed  in  this  way,  and  modified  dynamically  if  required. 
On  the  other  hand,  intermediate  results  can  be  approached 
by  their  symbolic  names,  too,  and  used  in  the  decision¬ 
making  process  (see  below) . 

(3)  Programmed  operation:  All  operator  entries  pertaining  to 
the  actual  crystal  growth  can  optionally  be  recorded  on  a 
disk  file,  each  tagged  with  the  time  (relative  to  the  be¬ 
ginning  of  the  recording)  when  it  was  issued.  These 
"Macro"  command  files  can  be  edited  after  the  growth  run 
(or  created  from  scratch)  with  a  special  Macro  command 
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editor,  and  used  as  an  input  for  a  future  run  where  the 
recorded  commands  are  executed  exactly  with  the  timing 
with  which  they  were  recorded.  This  approach  permits  to 
repeat  command  sequences  precisely,  thus  off-loading  the 
operator  from  routine  entries,  improving  the  reproducibil¬ 
ity  of  the  process  (because  manually  entered  commands  can 
never  be  issued  with  such  accurate  timing)  ,  and  reducing 
the  hazard  of  operator  errors.  Command  entry  on  the 
console  is  still  possible  while  a  Macro  command  file  is 
being  executed;  the  resulting  stream  of  commands  can  be 
recorded  in  a  new  Macro  command  file,  which  gives  the  CGCS 
kind  of  a  learning  ability.  A  Macro  command  may  even 
invoke  another  Macro;  complex  operations  may  therefore  be 
automated  (however,  purely  deterministically)  by  concate¬ 
nated  Macro  commands. 

Essentially,  the  Macro  feature  is  very  similar  to  most 
automation  approaches  applied  to  crystal  growth  to  date. 
All  commercial  '’automatic'’  systems  use  pre-defined  changes 
of  process  parameters  which  are  executed  blindly  by  the 
controller.  Experience  gathered  with  the  digital  control¬ 
ler  for  silicon  Czochralski  growth  [11], [12]  indicated 
that  a  crystal  growth  process  cannot  be  run  in  its  entire¬ 
ty  according  to  a  rigid  pre-defined  scheme,  for  the  rea¬ 
sons  already  mentioned  above,  and  that  it  requires  there¬ 
fore  frequent  interactions  by  a  human  operator.  The 
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system  developed  at  ASU  is  the  first  which  endeavors  to 
replace  the  operator's  judgment  with  internally  generated 
decisions . 

(4)  "Intelligent"  growth  control:  As  a  simple  first  step  of 

built-in  decision  making,  the  CGCS  is  capable  of  starting 
the  execution  of  a  Macro  command  file  if  and  when  a  speci¬ 
fied  parameter  meets  a  certain  condition  (e.g. ,  if  it  as¬ 
sumes  a  value  greater  than  or  equal  to  a  given  constant) . 
Such  "Conditional  Macro"  commands  can  be  posted  at  any 
time  during  a  growth  run,  either  by  the  operator  or  by 
other  Macro  commands;  the  respective  conditions  for  their 
execution  are  checked  periodically.  A  command  is  removed 
from  the  queue  of  pending  Conditional  Macros  either  if  its 
condition  is  fulfilled  and  it  can  be  executed,  or  if  it  is 
cleared  explicitly.  Albeit  simple,  this  approach  permits 
virtually  totally  automated  crystal  growth:  Macro  com¬ 
mands  can  be  concatenated  conditionally  now,  which  allows 
to  start  the  command  sequence  for  a  new  stage  of  the 
growth  process  exactly  when  necessary.  Auxiliary  Macro 
commands  can  be  used  to  support  the  action  of  the  deter¬ 
ministic  PID-based  control  loops  either  by  detecting 
genuine  emergencies  and  taking  appropriate  measures,  or 
even  by  constituting  a  superimposed  non-linear  control 


The  introduction  of  the  "Macro”  and  "Conditional  Macro"  fea¬ 
tures  resulted  in  an  additional  very  important  consequence: 
The  actual  growth  know-how  is,  unlike  in  earlier  crystal 
growth  automation  approaches,  no  more  located  within  the 
controller  program  proper,  but  in  the  external  Macros  which 
can  be  modified  and  adapted  to  various  demands  much  more 
easily  than  the  bulk  of  a  growth  control  program.  Since  Macro 
commands  can  be  used  for  modifying  any  arbitrary  system  param¬ 
eter  (via  its  symbolic  "variable"  name) ,  process  controller 
parameters  may  be  changed  dynamically  if  and  when  required, 
depending  on  the  current  needs  of  the  process,  which  permits 
adaptive  control  approaches.  In  fact,  the  sam j  CGCS  program 
supported  by  a  different  set  of  Macro  command  files  could  be 
used  for  growing  gallium  arsenide  crystals  with  totally  dif¬ 
ferent  characteristics,  or  even  for  growing  crystals  of  any 
other  material  in  any  puller  which  is  at  least  similar  to  the 
one  for  which  the  system  was  designed. 


5.  Experimental  results: 

i 

I  The  first  operational  version  of  the  CGCS  was  finished  around 

j 

the  end  of  1985,  and  implemented  on  a  Cambridge  Instruments  Cl 

i 

*  358  puller  for  charges  up  to  3  kg,  (For  pecuniary  reasons, 

the  puller  is  currently  operated  with  4  kg  charges  only.) 
Meanwhile,  more  thai  thirty-five  3  inch  GaAs  crystals  have 
been  grown  at  ASU  under  digital  control.  After  the  basic 
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operating  parameters  had  been  established  first  experimentally 
and  also  from  simple  estimations,  an  excellent  overall  process 
yield  could  be  obtained.  More  than  75  percent  of  the  recent 
20  ingots  were  excellently  shaped  single  crystals,  with  fluc¬ 
tuations  of  the  nominal  80  millimeters  diameter  in  the  order 
of  1.5  mm  or  less.  A  typical  crystal  grown  under  autonomous 
digital  control  is  shown  in  Fig.  9.  Since  a  tighcer  diameter 
control  permits  growth  at  a  smaller  nominal  diameter  without 
the  hazard  of  getting  under-sized  portions  of  the  crystals, 
boules  with  longer  bodies  can  be  obtained  from  the  same 
charge.  This  results  in  a  larger  number  of  usable  wafers, 
which  further  increases  the  process  yield. 

All  crystals  produced  during  the  last  year  were  grown  virtual¬ 
ly  automatically.  Operator  interactions  were  generally  limit¬ 
ed  to  the  starting  of  the  heating  sequence,  and  the  starting 
of  the  seeding  procedure.  (The  "automatic"  analog  controller 
supplied  by  Cambridge  Instruments  requires  about  20  hours  of 
continuous  operator  interactions  during  a  36  hours  growth 
run.)  Specifically,  the  very  complex  seed  dipping  sequence 
can  now  be  done  reproducibly  by  the  CGCS  on  its  own,  despite 
surprisingly  large  variations  of  the  actual  seeding  tempera¬ 
tures.  The  excellent  reproducibility  of  the  digitally  con¬ 
trolled  process  could  be  demonstrated,  among  others,  in  two 
subseq\’ent  runs  which  resulted  in  crystals  with  a  total  weight 
of  3680  and  3631  grams,  respectively.  Fig.  10  shows  the 
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diameters  of  two  crystals  as  a  function  of  their  lengths  as 
computed  by  the  CGCS .  With  the  exception  of  minor  differences 
during  the  cone  section,  the  shapes  of  the  crystals  are  vir¬ 
tually  identical. 

Structural  and  electrical  measurements  of  digitally  grown 
semi-insulating  GaAs  crystals  indicate  average  dislocation 
densities  ranging  from  7»102  cm”2  at  the  top  of  the  body  to 
1.7*  105  cm”2  at  the  end  of  the  tail,  in  a  portion  of  the 
crystal  which  frequently  turns  polycrystalline  in  convention¬ 
ally  grown  crystals.  Dislocations  due  to  slip  are  practically 
absent  over  the  entire  crystal  body.  Macroscopically ,  dis¬ 
locations  form  a  characteristic  "X"-shaped  pattern  on  the 
surface  of  a  (100)  wafer;  microscopically,  they  are  arranged 
in  a  cellular  structure  throughout  the  entire  crystal,  with  a 
cell  size  of  300  to  500  jim,  and  with  cell  walls  composed  of 
edge  dislocations.  Electrical  characteristics  were  found  to 
be  exceedingly  uniform;  on  a  wafer  cut  from  the  tail  end  of 
the  body,  for  example,  the  net  carrier  concentration  was  found 
to  lie  between  5.0*107  and  7.6*107  cm”2.  The  carrier  mobility 
ranged  from  5200  to  5800  cm2/Vs,  and  resistivity,  from  1.5*107 
to  2.4* 107  Dcm  [ 14 ] . 
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6.  Conclusion: 

A  digital  controller  for  a  high-pressure  LEC  puller  for  gal¬ 
lium  arsenide  has  been  developed  at  Arizona  State  University. 
This  controller  combines  conventional  deterministic  control 
approaches  with  advanced  heuristic  methods,  permitting  an 
essentially  fully  automated  growth  process.  The  yield  of  the 
digitally  controlled  process  is  significantly  superior  to  the 
yields  obtainable  with  the  conventional  approaches?  according 
to  recent  characterization  results,  the  crystals  grown  with 
the  digital  controller  are  substantially  more  uniform  than 
those  grown  with  the  analog  controller. 


Acknowl edoement 

Research  sponsored  by  the  Air  Force  Office  of  Scientific 
Research,  Air  Force  Systems  command,  USAF,  under  grant  of 
cooperative  agreement  number,  AFOSR  F49620-86-C-0012.  The  US 
Government  is  authorized  to  reproduce  and  distribute  reprints 
for  Governmental  purposes  notwithstanding  any  copyright 
notation  thereon. 

This  manuscript  is  submitted  for  publication  with  the 
understanding  that  the  US  Government  is  authorized  to 
reproduce  and  distribute  reprints  for  Governmental  purposes. 


24 


s 


-  .  ..  .  J  I  -<  J  J  J  JJ  .  J  J  -  J'.u.  ,.J. 


References: 


[1]  A.E.  Zinnes,  B.E.  Nevis,  C.D.  Brandle,  J.  Cryst.  Growth  19. 
(1973),  187. 

[2]  D.F.  O'Kane,  T.W.  Kwap,  L.  Gulitz,  A .  L.  Bednowitz,  J. 
cryst.  Growth  13/14  (1972),  624. 

[3]  W.  Bardsley,  G.W.  Green,  C.H.  Holliday,  D.T.J.  Hurle,  J. 
Cryst.  Growth  16  (1972),  277. 

[4]  E.  Kubota,  Y.  Ohmori,  K.  Sugii,  Inst.  Phys.  Conf.  Ser.  No 
63/1  (1981),  31. 

[5]  T.  Fukuda,  S.  Washizuka,  Y.  Kokubun,  J.  Ushizawa,  M. 
Watanabe,  Inst.  Phys.  Conf.  Ser.  No  63/1  (1981),  43. 

[6]  D.T.J.  Hurle,  J.  Cryst.  Growth  65  (1983),  124. 

[7]  M.A.  Gevelber,  G.  Stephanopoulos ,  to  be  published  in  J. 
Cryst.  Growth. 

[8]  W.  Bardsley,  D.T.J.  Hurle,  G.C.  Joyce,  J.  Cryst.  Growth  40 
(1977),  13. 

[9]  W.  Bardsley,  D.T.J.  Hurle,  G.C.  Joyce,  G.C.  Wilson,  J. 
Cryst.  Growth  4JD  (1977),  21. 

[10]  S.  Ozawa,  T.  Fukuda,  J.  Cryst.  Growth,  26  (1986),  323. 

[11]  T.  Fukuda,  K.  Terashima,  T.  Katsumata,  F.  Orito,  T. 
Kikuta,  Ext.  Abstr.  15th  Conf.  Solid  State  Dev.  Mat., 
Tokyo,  1983,  153. 

[12]  A.  Kran,  K.M.  Kim,  K.  Riedling,  G.H.  Schwuttke,  P.  Smeta¬ 
na,  Electrochem.  Soc.  Ext.  Abstr.,  83-2  (1983),  546. 


[13]  K.M.  Kim,  A.  Kran,  K.  Riedling,  P.  Smetana,  Solid  State 
Technol.,  January  1985,  165. 

[14]  G.H.  SCHWUTTKE,  K.  RIEDLING,  K. A.  PANDELISEV,  M.  JAVIDI, 
R.C.  WHITE,  171st  Electrochemical  Society  Meeting,  Phila¬ 
delphia,  J.  Electrochem.  Soc. ,  134  (1987),  231C. 


SEED  ROTATION 
MOTOR 

SEED  LIFT 
MOTOR 


BORIC  OXIDE 


HEATER 


ENCAPSULATION 
CRUCIBLE 


CRUCIBLE  LIFT 
MOTOR 


CRUCIBLE  ROT 
MOTOR 


Main  components  of  an  LEC  crystal  puller. 


Block  diagram  of  the  digital  controller 
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Fig.  5:  Control  loop  for  one  of  the  four  motors  in  the  CGCS 
(analog/digital  and  digital/analog  conversion  are  not 
explicitly  shown) . 


Fig.  6:  Heater  temperature  and  crystal  diameter  control  loops 
(analog/digital  and  digital/analog  conversion  are  not 
explicitly  shown) . 


CRUCIBLE 

LIFT 

SPEED  w 
SETPOINT 


MANUAL 

“AUTO" 


CRUCIBLE  LIFT 
MOTOR 
CONTROLLER 


CRUCIBLE 

POSITION 

SETPOINT 


LIMIT 

i 

p  i  n 

* 

i  1  U 

MOTOR 


CRUCIBLE 
POSITION 
,  ENCODER 


CRUCIBLE 

POSITION 

CALCULATION 


WEIGHT 

GAUGE 


DIGITAL  SYSTEM 


ANALOG  SYSTEM 


Fig.  7:  Crucible  position  control  loop  (analog/digital  and 
digital/analog  conversion  are  not  explicitly  shown) . 
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Fig.  8:  Block  diagram  of  the  evaluation  algorithms  for  the 
crystal  diameter,  the  growth  rate,  the  crystal  length 
grown,  and  the  crucible  position  setpoint  (analog/dig¬ 
ital  and  digital/analog  conversion  are  not  explicitly 
shown) . 
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Fig.  9:  Typical  4  kg,  3"  GaAs  crystal  grown  with  the  CGCS. 
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Fig.  10:  Reproducibility  of  crystal  shape  shown  for  two  crys¬ 
tals,  D18  and  D20:  Computed  diameter  as  a  function  of 
crystal  length. 


